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Abstract

Current silicon-based devices are experiencing limitations in downsizing. There is
therefore a need for new design methods. Molecular devices show potential through
their nanoscale dimensions, low power dissipation and desirable properties that are
achievable through elaborate synthetic methods. The primary challenges lie within
fabricating the nanogaps to insert the organic molecules into and controlling the metal-
molecule interface, necessitating improved fabrication strategies.

This project addresses the fabrication of organic molecular devices in three stages:
first focused ion beam (FIB) technology is utilized for nanowire deposition; second, elec-
tromigration and Joule heating, induced through voltage ramps in the nanowires, for
nanogap formation; and finally the addition of Organic molecules to the system under
an electric field to fabricate molecules molecular devices. Thus addressing the challenges
associated with downsizing silicon-based electronic devices by exploring bottom-up ap-
proaches, in the form of molecular devices, holds promise to achieve higher density and
cost-effective circuitry.

The utilisation of FIB technology overcomes the primary challenges of nanogap
formation, with current capabilities of Helium ion beam microscopy enabling the fab-
rication of sub-50 nm structures without a photoresist. Thin wires are desirable for
more reliable and consistent failure characteristics. By using a gas injection system
to distribute a flux of precursor gas an ion beam can break down the gas molecules
adsorbed to the surface. This process is commonly referred to as Focused-Ion-Beam-
Induced-Deposition (FIBID).

Sets of platinum electrodes on a SiO2 substrate were used for testing with gaps
varying from 2 − 10µm in length. The precursor gas trimethyl (methylcyclopentadi-
enyl) platinum was used to form the nanowires, broken down by ion beams. Gallium,
neon and helium ion beams were tested, with further imaging done using a scanning
electron microscope. The nanowires were patterned to bridge the gap between the two
electrodes. The resulting structure is broadly comprised of interstitial platinum clus-
ters in an amorphous carbon matrix. Nanogap failure was induced through voltage
ramps ranging from 0-20V. After formation, the organic molecule 1,5 diamino 2 methyl
pentane was added to the system whilst a voltage was applied to the electrodes via a
set of probes connected up to a source measurement unit.

Successful imaging of various samples demonstrated the helium FIB system’s high-
resolution visualization capabilities. As expected, neon and gallium FIB imaging pro-
vided lower-resolution images typically forming wider nanowire structures. Nanowire
deposition using FIB yielded well-defined nanowires, of varying dimensions. Variability
in topology and deposition characteristics. however, poses challenges for large-scale
yield. The nanowire structures exhibited promising electrical properties, as indicated
by voltage plots obtained during testing. Non-linear characteristics were observed, re-
flecting the microstructure and underlying transport mechanisms. The fabrication of
nanowires opened up avenues for further research and extension in various nanoscale
applications.



The formation of nanogaps using voltage ramps was a variable process: electro-
migration contributed towards failure, yet there were key signs of the nanowire struc-
ture melting. This highlights the intricacies and technical challenges associated with
the nanogap formation process, necessitating further investigation and optimization of
this process. Additionally, the incorporation of organic molecules onto the fabricated
nanowires using FIB yielded charging characteristics observed in hysteresis I(V) plots.
The desired diode-like characteristics were insufficient for functionalization and poten-
tial applications in electronic devices. Alternative techniques or approaches are required
to effectively incorporate organic molecules.

Directions for future research were identified based on the findings. Extended re-
search into platinum FIBID nanowire failure mechanisms through in-situ observations
of microstructure re-arrangement during failure was suggested. The use of transmission
electron microscopy (TEM) imaging to analyze microstructures could provide further
insights. Alternative test chips with thinner electrode contacts were proposed to over-
come fabrication challenges. Electron beam lithography and helium ion microscopy
were mentioned as potential alternatives for nanogap formation and wire failure pro-
motion.

In conclusion, the successful fabrication of nanowires using FIB technology and their
promising electrical properties offers valuable insights and possibilities for fu- ture re-
search. However, challenges remain in nanogap formation (particularly for nanowires
formed via FIBID due to the variable composition and microstructure) and the in-
corporation of organic molecules. Addressing these limitations and building upon the
successes and failures of this project promises to advance the field of nanoscale device
fabrication, leading to improved molecular devices and their potential integration into
future electronic systems.

Keywords: Focused ion beam, nanowire deposition, nanogap formation, molecular
devices, nanoscale fabrication, organic molecules, molecular electronic device.
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Glossary

dwell time the time an ion beam remains at discrete points in a pattern. 27

electromigration the transport of material resulting from momentum transfer between

electrons and ions. 6, 11, 42

eucentric position the working distance that maintains focus when the sample is tilted.

16, 17

Joule heating known as resistive heating, whereby current flowing through a conductor

generates heat. 6

nanofabrication the design process regarding materials on a nanometer scale. 3

probe size the diameter of the ion beam at the point of contact with a surface. 14

torr unit of pressure, defined as 1/760 of an atmosphere ≈ 133.32 Pa. 18

trimer three atom tip (of the tungsten gun tip on the Orion system). 38

working distance distance from lens 2 when focused. 16

Acronyms

BIV Best Imaging Voltage. 23

EBID Electron-Beam-Induced-Deposition. 6, 10, 12, 30

ETD Everhart-Thornley Detector. 14, 17, 27

FEBID Focused-Electron-Beam-Induced-Deposition, same as EBID. 10

FET Field Effect Transistor. 44

FIB Focused Ion Beam. 3, 8, 9, 11, 13, 16, 19, 26, 27, 43

FIBID Focused-Ion-Beam-Induced-Deposition, same as IBID. 10, 29–31, 33, 34, 36, 37, 39

GFIS Gas Field Ion Source. 11, 16, 39

GIS Gas Injection System. 13, 16, 17, 19, 23, 31, 34

HIM Helium-ion Microscopy. 14, 44

IBID Ion-Beam-Induced-Deposition. 1, 6, 9, 11, 12, 24, 29, 39, 42

MCBJ Mechanically Controlled Break Junction. 6, 7

MEMS-BJ Micro-Electromechanical-System Break-Junction. 6

MOSFET Metal-Oxide-Semiconductor Field-Effect Transistor. 4

SE Secondary Electrons. 10

SEM Scanning Electron Microscope. 12, 18, 19, 29, 32, 36, 38, 43

SMU Source Measurement Unit. 20, 22

STM-BJ Scanning Tunneling Microscope Break-Junction. 6, 7

TEM Tunnelling Electron Microscope. 40, 46
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1 Introduction

1.1 Overview

Silicon-based devices have reached the molecular scale. The gate lengths of transistors found
in common microprocessors typically range from 20 to 30 nm. State-of-the-art transistors
have gate lengths of 3nm with recent research claiming gate lengths less than 1nm[1]. How-
ever, it is becoming increasingly difficult to down-scale the size of these electronic devices.
This combined with low yield and exponentially increasing costs of new devices makes them
unviable for large-scale manufacturing. It is apparent that new design methods are still re-
quired, with opportunity in bottom-up approaches [2]. Molecular devices are a particularly
promising contender to continue the trend in minimization, with new fabrication methods
being continually developed to show advantages over traditional silicon-based designs. The
primary benefit of molecular devices comes with the ease of synthesis of identical molecules.
These molecules lie on a scale of several nanometers across, giving potential for high-density
circuitry. Desirable electrical, thermal, mechanical and optical properties can be achieved
through elaborate synthetic methods making them ideal for integrated circuits. The cost of
molecular devices can be substantially less than alternate methods as a result of new fabri-
cation techniques and lower power dissipation from the molecules themselves[3]. These ad-
vantages make molecular devices a particularly exciting field however the primary challenges
lie within fabricating the nanogaps in which the molecules are deposited and controlling the
metal-molecule interface, for which improved fabrication strategies are required.

The report explores the utilization of nanofabrication, specifically Focused Ion Beam (FIB),
capabilities to form repeatable nanowire structures and molecular electronic devices. Elec-
tromigration and Joule heating, induced by current flow are used to form nanogap junctions
in the aforementioned nanowires. Inserting the asymmetric organic molecule, 1,5-diamino-
2-methylpentane, into these junctions alters the I-V characteristics, with the potential to
elicit diode-like behaviour forming the basis of nano-scale logic circuits. Previous research
has proven the potential of using organic molecules to observe this behaviour [4]. The key
to obtaining diode-like behaviour is to have an asymmetry in the charge distribution within
the molecule, which can either be achieved through the use of different electrode metals or
a physically asymmetric molecule. This report adopts the latter approach for its greater
practicality.

1.2 Background

Molecular scale electronics is the branch of nanotechnology focusing on the use of small
numbers of molecules. Its roots trace back to the late 1950s following the miniaturization
of electronic components like the transistor, invented in 1947 [5] by John Bardeen, Walter
Brattain, and William Shockley at Bell Labs. The transistor was created as an alternative
to bulky vacuum tube transistors providing a low-power, reliable, and efficient alternative.
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Since the 1950s electronic devices have become smaller and faster inline with Moore’s Law
(see Figure 1); a trend that states that the number of transistors on an integrated circuit
of a fixed size doubles every two years. This has been made thanks to the use of silicon
electronics, overtaking germanium in the 1960s [6]. Silicon integrated circuits have since
dominated the electronics industry following a progression of minimization: ”vacuum tube →
discrete transistor → integrated circuit → molecular electronic devices.” [7]. Despite the
natural progression towards molecular electronic devices in the 1980s, the focus remained on
silicon-based semiconductor technology due to its well-established design and manufacturing
techniques. However, we are beginning to reach technical and physical limits in silicon-based
circuits both technically and fundamentally. The current limits of micro-electronic devices
can be generally split into physical limits and technical limits. Organic molecules hold the
potential to resolve both of these.

Figure 1: Moore’s Law, data taken from: Our World in Data [8]

The miniaturization of silicon-based electronics has brought about many accompanying is-
sues. Regarding physical limits; at nanometer scale devices quantum phenomena are increas-
ingly important for nanometer-scale devices. These lead to leakage currents and increased
power consumption. For instance, when the channel region of a transistor is very small, the
electric field across the channel becomes very strong, leading to atypical changes in device
behaviour including tunnelling and band edge effects. Short-channel effects in Metal-Oxide-
Semiconductor Field-Effect Transistor’s cause a reduction in threshold voltage making the
device susceptible to noise [9].

Regarding technical limits, manufacturing tolerances become very tight when working on
nanoscale structures such that lithography techniques have to be incredibly precise - an issue
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that is inherently overcome by organic molecules. Other problems that can arise in nano-
electronic devices are associated with dopants, a type of impurity intentioanlly added to
semiconductor materials to alter their electronic properties. Yet, in small devices, the random
distribution of dopants can lead to statistical fluctuations that affect device performance.

Given these challenges, exploration is necessary for alternatives to the ’top-down’ construction
methods used for conventional electronic devices. Figure 2 summarises the progression of ’top-
down’ to ’bottom-up’, illustrating the fundamental differences between the approaches[10].
It can be seen from this figure the differences in scale between different approaches. This
report explores the creation of devices most akin to the Molecular tunnelling FET.

Figure 2: Molecular electronics, a potential candidate for ‘Beyond CMOS’. [10]

1.3 Motivation

Molecular electronics thus offers several potential advantages to silicon-based devices, in-
cluding the ability to fabricate devices at a smaller scale, the ability to precisely control
the electronic properties of individual molecules, and the potential to overcome some of the
limitations of conventional electronic devices. The size of molecules is usually sub-3 nm and
as such shows promise in revolutionizing device miniaturization [10]. Furthermore, organic
molecules can be synthesised in large quantities with exact structures removing any potential
tolerance issues.

The difficulty of fabricating and integrating individual molecular devices into a functional
circuit, however, must be overcome. Taking a ’bottom-up’ approach the formation of the
connection between the electrode junction and the inserted molecule is the key scientific
issue within molecular electronic devices. The stable ’electrode-molecule-electrode’ junction,
or molecular junction, [10] must be reliably made. This requires reliable contact between the
metal electrode atoms and the organic molecules. Hence, precise control over the placement
and orientation of the molecules is critical to achieving the desired electronic properties
and device performance. The method attempted in this project applies a voltage to the
electrodes upon the addition of organic molecules to promote their alignment. Previous work
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has utilized multiple organic molecules to ’bridge’ the nanogaps. This altered the electronic
characteristics of the device yet failed to provide diode-like characteristics consistently.

Another challenge with molecular devices is their stability and reliability. Molecular junctions
can be sensitive to environmental factors, such as temperature and humidity, which can
impact their electronic properties and performance over time.

Overall the multiple difficulties faced with molecular electronic devices, which are more tech-
nical than fundamental, are outweighed by the potential benefits.

2 Literature Review

The primary focus of this project was to create nanowires and form nanogaps. 1,5- diamino-
methyl pen- tane was selected as the organic molecule, in accordance with the requirement
for anchoring groups on the molecule’s ends and an asymmetry that has the potential to
elicit diode-like characteristics. This focus on testing nanogaps reflects the main complexity
of making molecular devices: the integration of molecules into circuits.

Ion-Beam-Induced-Deposition (IBID) was used to form the nanowires, with some minor
testing in Electron-Beam-Induced-Deposition (EBID). This was due to both the availability
of machines and their potential for desirable nanowire structures. The wires were then broken
via electromigration and Joule heating. There are multiple alternative methods to achieve
similar outcomes which are discussed in this literature review.

2.1 Molecular Junctions

Molecular junctions can be split into static molecular junctions and dynamic molecular junc-
tions[10]. Typical static molecular junctions are the electromigration junction, Eutectic
Gallium-Indium (EGaIn) junction and Carbon-based junction. Typical dynamic molecular
junctions are the Scanning Tunneling Microscope Break-Junction (STM-BJ), Mechanically
Controlled Break Junction (MCBJ), and Micro-Electromechanical-System Break-Junction
(MEMS-BJ).

The electromigration junction (see Figure 3) is the focus of this project. It is a type of static
molecular junction where although the distance between electrodes can not be directly con-
trolled the break size can be influenced under appropriate failure conditions. This technique
involves the failure of wires under current stress. Thin wires (< 1µm) can be failed by the
process of electromigration, from the thermally assisted motion of ions under the influence
of an electric field. This process can be done under ambient conditions, is highly repeatable
and can be conducted on multiple local wires. Further details of this method are discussed
in Section 2.2.

The EGaIn junction is formed from a moldable liquid metal with non-Newtonian properties.
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(a) Electromigration in nanowire (b) Post breakage

Figure 3: Diagramatic process of electromigration to form nanogaps in metal wires

The metal is a liquid at room temperature but does reflow to form the shape with the
”lowest interfacial free energy as do liquids such as Hg and H2O ”[11] .This means it can
form metastable structures, specifically conical tips that can be brought into contact with
a self-assembled monolayer (SAM). The EGaIn tip electrode in contact with a SAM on a
substrate, serving as the bottom electrode, forms a metal-molecule-metal junction. However,
the shape of these junctions makes them unviable for this project: the tip is around 1µm in
size and forms a layered junction.

Carbon-based molecular junctions are a type of static molecular junction that utilizes carbon-
based molecules as the active component. For instance, nitro-azobenzene oligomers (2-5nm)
bridge a gap between two electrodes providing non-linear tunnelling characteristics [12]. The
main transport mode is quantum mechanical tunnelling, similar to the electromigration junc-
tion. Carbon-based molecular junctions can be fabricated using a variety of techniques,
including self-assembly, chemical vapor deposition, and scanning probe microscopy. These
devices potentially offer advantages over traditional semiconductor-based devices, such as
high scalability, low power consumption, and the ability to operate at room temperature.
However, they are sensitive to environmental factors over time, suffer from high contact
resistance between molecules and the electrodes, and can be challenging to interface with
traditional electronic components.

Dynamic molecular junctions can be repeatedly opened and closed, exemplified by the STM-
BJ. In this method, the nanogap is formed between the metallic STM tip and the metallic
substrate, with a thin layer of molecules deposited on the metallic substrate. The STM tip is
then pushed into the substrate surface and slowly retracted. A metal-metal atomic junction
forms. If a molecule is bonded to both metallic contacts then upon further retraction a
metal-molecule-metal junction can form. Whilst this forms the basis of the molecular device,
it is not scalable for logic circuits.

The MCBJ is another dynamic molecular junction. In this technique, a metal wire is drawn
until it breaks, creating a small gap that can be bridged by a small number of molecules
(or even just one). The distance between the two ends of the broken wire can be precisely
controlled, enabling the electrical conductance of the molecule to be measured as the wire is
stretched.
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The nanocontacts are fabricated on a flexible substrate, which is then bent to stress the
wire. An attenuation factor relates the electrode displacement and bending of the substrate
[13]. This method often uses lithographic techniques and bending of the substrate. Thus this
technique is undesirable as it cannot be scaled and enables only one device per sample.

2.2 Nanogap formation via Electromigration

The principal method used in this project is the fabrication of molecular junctions via elec-
tromigration. Although research towards this has previously been conducted, the combi-
nation with FIB fabricated wires promises new insight regarding nanowire fabrication and
design.

When a wire is electrically stressed the mobility of the metal ions increases ([14]). Electro-
migration is a process whereby ions in conventional current-carrying wires move against the
direction of current flow, causing wire failure over time. The motion of these ions is caused by
the ”electron wind” created when a wire is electrically stressed, resulting in increased heat-
ing and the movement of metal atoms. The theory for bulk materials links mass transport
directly to a functio of current density and can be categorized by the ”mean time to failure”
( MTF ). This theory is demonstrated in equation 1.

MTF = AJ -ne(ϕ/kT) (1)

• A constant relating to cross-section

• J current density, Acm-2

• ϕ activation energy , Ev

• k Boltzman’s constant

• T film temperature, K

Durkan and Welland have proposed a considerably faster alternative technique to MTF [15],
which is considerably faster. The idea is to ramp up the current density in a time much
shorter than the MTF, allowing for the determination of a failure current density that can
be used to assess the durability of interconnect designs. If the rate of current increase is
slower than 1/MTF, and the stress is only growing slowly with time, then this method can
give valuable information on trends.

Whilst the structure of nanowires formed via FIB deposition was found to be amorphous,
Durkan andWelland’s prior research helped to guide potential testing and analysis of nanowires
in this project. It was observed that for thin wires (sub 100nm) the failure of the wire is
towards the middle of the wire. For these wires, breakages were dominated by Joule heat-
ing and thermal stresses driving grain restructuring. The temperature profile in thin wires
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means grain growth is largest at the centre, imposing the largest stress on this location to
give breakages in the middle. The closing remark suggests best performance is observed by
fabricating wires on very thin oxide layers and with short wires.

Hadeed and Durkan conducted further tests on the fabrication of nanogaps via electromi-
gration in gold and gold-palladium wires [16]. 50nm wires were stressed to create nanogaps
through electromigration and thermomechanical stress. They found that to achieve nanogaps
of 1-2nm size voltage ramping was more effective than current ramping as the current is self-
limiting this way. Applying the current ramp had a high potential to cause irreversible
damage to the samples. The failure of wires is primarily determined by the current density
Jfail. It was also found a rate of increase of 4mV/s observed clean-breaking I(V ) character-
istics.

2.3 IBID for nanowire formation

IBID mechanisms offer insight into the behaviour observed in the project. Trimethyl (methyl-
cyclopentadienyl) platinum was used as the precursor.

Figure 4: Focused ion beam deposition

The general process observed with precursor gases starts with bleeding the precursor into the
vacuum chamber via a needle set within 100µm of the surface of the specimen. The precursor
then adsorbs to the substrate surface. Precursor molecules are broken down by both the ion
beam and secondary electrons produced from ion-atom interactions. The volatile products
are then pumped out of the system along with any gaseous precursor molecules that did not
adsorb to the surface, such that growth is only observed in the targeted region, over which
the ion beam is scanned. This is shown in Figure 4.

Both FIB systems used in this report used the precursor gas trimethyl (methylcyclopentadi-
enyl) platinum (see Figure 5), henceforth referred to as the ”platinum precursor.” How this
is decomposed and what microstructure results are essential to analyse the nanowires and
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Figure 5: trimethyl (methylcyclopentadienyl) platinum [17]

nanogaps in this project. The two main mechanisms behind this precursor decomposition are
dissociative electron attachment and dissociative ionization [18]. While these proposed mech-
anisms assume nanowire formation via Focused-Electron-Beam-Induced-Deposition, same as
EBID, the similar production of backscattered electrons and ionization capabilities of FIBID
make the decomposition mechanism noteworthy. Dissociative electron attachment causes
rupture of a Pt − CH3 bond, forming the negative ion fragment [MeCpPtMe2]

−. Disso-
ciative ionization can rupture two or three of these bonds, forming [MeCpPtMeH]− and
[MeCpPtCH2]

−. It was observed that the formation of bare Pt− from dissociative elec-
tron attachment and Pt+ from dissociative ionization was only a minor channel and partial
decomposition is much more common.

Although Pt can also be deposited via EBID, this is reported to produce wires with higher
resistivities. The mechanism of decomposition is very similar to that of FIBID, varying in
the ratios of different breakdown mechanisms.

The resulting microstructure of the deposited Pt is discussed in [19]. It is reported that
after PtCH3 bond cleavage, the compound is decomposed to form a reduction of platinum
atoms/clusters embedded in an amorphous carbon matrix. A diagram of this reported break-
down is presented in Figure 6. Unfortunately, carbon is heavily incorporated in the deposition
and growth process, forming a ”dirty” metal. The measured composition of wires deposited
with 15keV electron beam deposition, using MeCpPt(Me)3, have been reported as 21.5%
Pt, 73% C, 5.5% by mass. A Gallium ion beam at 30keV gave 45% Pt, 45%C, 5% Ga,
5% O, at 35keV gave 46% Ga, 24% C, 28% Ga and 2% O, and at 25keV gave 13-21.5%
Pt. These large differences affect the microstructure during electromigration however the
recorded resistivities range from 70-140µΩcm. [20].

In addition to the deposition by the Secondary Electrons (SE) the scattered electrons and
ions result in the deposition of Pt. These can scatter at angles away from the pattern and
result in a halo around the wires (discussed in Section 5). Utke, Hoffman and Melngailis
reinforce the use of FIBID against FEBID to produce wires with a greater Pt: C ratio.
This did, however, come with a larger ’halo’ of deposition around the patterned site. The
conductivity of this halo is generally very low but depends on the wire composition.
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Figure 6: trimethyl (methylcyclopentadienyl) platinum breakdown mechanism, using an argon ion
beam [19]

3 Theory and Design of Experiment

The project explores the fabrication of nanoscale interconnects via various methods. First is
Ion-Beam-Induced-Deposition (IBID), followed by the deposition of organic molecules with
specific linkers to allow them to attach to the wire material into nanojunctions in these
wires. Current is then measured against voltage at various temperatures on these devices to
elucidate the main mechanisms behind conduction in these molecules. A simplified diagram
of a potential structure is shown in Figure 7. Multiple molecules are expected to line-up in
parallel or series to cross the formed nanogaps.

Figure 7: Diagram of potential molecular device

For this goal, it is desirable to create wires of various lengths with sub-50 nm widths and
thicknesses. This is because thinner nanowires fail more reliably and consistently to form
nanogaps of the desired size (1-2nm) [16], whereas wider wires fail subject to the effect of
the wire’s microstructure. Although nanogaps of 1-3nm are most desirable, electromigration
has some variability to it.

The project evolved throughout the year. It initially focused on using the Zeiss Orion
NanoFab machine in the nanoscience centre – a Gas Field Ion Source (GFIS) Focused Ion
Beam (FIB) system. It consists of a helium-neon ion column and a galium ion beam column
offset by 54◦. The microscope is further fitted with an OmniGIS II and an Omni insitu
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probe (see Section 4 for more detail). The helium-ion is preferable to traditional E-beam
lithography for its potential capability to fabricate intricate wires of widths 10-50nm without
the need for a photoresist. The capability to image, mill and deposit together allows a larger
amount of flexibility in operation. Helium-ion beams have smaller ’halos’ than traditional
FIB methods and as such are very suitable for our application. EBID was also attempted in
small amounts as an exploration.

Partway into the project the Helios Nanolab system was also used, equipped with a Gallium
FIB and Scanning Electron Microscope (SEM). This was used for various reasons, partly due
to unforeseen complications with the Orion system as detailed in Section 4.5. Results from
these two microscopes were then compared and contrasted. In addition to ion deposition
limited experiments, electron beam deposition tests were also undertaken.

The initial aims and objectives of the project were to:

• Observe the provided samples, consisting of Pt contacts with 2− 10µm gaps, using the
Helium FIB.

• Fabricate a variety of nanowires using IBID.

• Image a set of wires to determine their topology and efficacy of fabrication.

• Observe the electrical characteristics of IBID nanowires.

• Form nanogaps in said wires through voltage ramps and electromigration.

• Image a set of nanogaps to determine their formation.

• Test insertion of organic molecules into formed nanogaps.

• Observe any changes to I(V) characteristics.

4 Apparatus and Experimental Design

The systems used for this project were all located at the Nanoscience Centre and Cavendish
Laboratory on the West Cambridge Site.

4.1 Test chips

Four separate platinum electrode test chips were used for the project (Ossila, product S403A1),
detailed in Figure 8. Whilst these chips are designed for OFET testing with a bottom-gate
bottom-contact architecture, this project used them simply as electrode contacts. The chips
consist of a highly P-Doped (boron) silicon wafer coated with a 300-nm layers of SiO2 on each
side. The platinum contacts are made from a 5nm titanium adhesion layer with 100nm of

12



(a) Platinum OFET (b) Ossila platinum test chips

Figure 8: Images of test chips [21]

platinum deposited on top. The platinum gate contacts at the bottom were left untouched;
voltages were simply applied between platinum electrodes during testing. The nanowires
were fabricated in the spacings between the electrodes ranging from 2− 10µm. [21].

20 sets of electrodes are present on each chip, providing 80 potential nanowire fabrication sites
with many of these tested throughout the project. The benefit of a silicon dioxide substrate
is that it is both a great electrical and thermal insulator, meaning that no leakage current
should come from the chips. However, any rapid thermal fluctuations in the nanowires may
cause large stresses between them and the substrate.

4.2 Helium, Neon Focused Ion Beam

A large part of the project in the first term involved operating the Zeiss Orion NanoFab
machine located in the Nanoscience Centre (see Figure 9). Previous work used electron
beam lithography to create the nanowire structures, however using this machine wires could
be fabricated via exposure of a gaseous platinum compound to helium ions.

The use of this machine required learning how to operate the NanoFab machine in all capac-
ities along with subsidiary parts like the Gas Injection System (GIS). Details of its operation
are provided in Section 4.2.1 and are relevant for subsequent data analysis. The operation
of a FIB starts with the insertion of a gas (helium or neon for instance) which is ionised
in the gun portion of the column. A positive voltage at the source (around 25 kV) and a
negative voltage at the extractor (around -30 kV) create a strong electric field that ionizes
gas atoms as they approach the tip of the gun. The tip of the gun is made of a tungsten
trimer, a 3-atom tip that determines the point of ionization of the gas, typically lasting a
couple of weeks when used for solely imaging with helium. The ionized gas then flows towards
the extractor and forms into a beam. This beam is condensed via voltage-controlled lenses
and shifted/tilted via quadrupoles and octupoles, around 10-20 kV. The beam interacts with
the sample through collision cascades producing ions and electrons from the sample. These
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Figure 9: Zeiss Orion Nanofab machine -West Cambridge

secondary electrons are collected by the Everhart-Thornley Detector (ETD) as the beam is
scanned. These electrons create a small electrical signal that is amplified to provide images,
as seen throughout this report.

Helium-ion Microscopy (HIM) produces images with a higher resolution than low kV electron
microscopy as a result of the smaller spot size (less than 0.3nm at energies of 25-30kV). Only
secondary electrons from the surface can escape to the ETD giving a clear overall image. [22]

The mechanisms which govern the ion-solid interactions are complex and extensive. Fig-
ure 10 illustrates the reported mechanisms of these interactions for a series of ion beams,
including secondary electron emission (1), polymerization (2), secondary ion emission from
nuclear interactions (3), dislocations and vacancy formation (4), interstitials (5), phonons
(6), backscattered ions (7) and ion implantation (8) [23].

HIM benefits from a very small final probe size since helium ions have a de Broglie wavelength
of λ = 0.08pm, removing limitations of diffraction. The helium ions then neutralize in the
first few nm of the sample and the resulting positive charge at the surface can be neutralized
by a low-energy flood gun, pre-installed into the system.

The He beam is used on the tool, but the gas can also be switched to Ne. The neon ion
capabilities with the Zeiss Orion nanofab make it suitable for structures over 20nm in size,
which were tested for this project. The neon beam has a slightly higher sputtering yield than
helium placing it in between helium-ion beams and gallium-ion beams in terms of operational
scale.
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Figure 10: Diagram of Ion interactions with a Silicon sample [23]

4.2.1 Helium, Neon FIB operation and experimental design

Once the samples had been collected and briefly imaged under the light microscope they were
placed inside the nanofab chamber to be imaged. A large portion of the beginning of the
project was spent learning the operation of the relatively new nanofab system. Regarding
sample preparation, the samples came covered with tape from the manufacturing process
which was removed. The sample was then placed on a specimen stub using a conductive
carbon disc and screwed into the specimen holder (see Figure 11). As the samples were
desired to work under room temperature and pressure no other sample preparation was
needed. The loading process into the Nanofab chamber required insertion into the airlock
and then a transfer sequence via the system software/airlock panel controls.

The system was then initialized and continually monitored for various parameters. These
can be seen in Figure 12 and include:

• Chamber and gun pressures

• Extractor and accelerator voltages

• Lens voltages

• Probe current, landing energy, aperture

• Dewar temperatures and pressures

The extractor potential is the voltage corresponding to the tungsten tip. The accelerator
voltage increases the speed of ions to their final energy. The beam focus is determined by
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Figure 11: OFET chip prepared on sample holder

voltage control of two lenses, in combination with quadrupoles. Lens 1 condenses the ion
beam before the aperture, whilst the voltage of Lens 2 determines the focus point. The
Dewar cools liquid nitrogen to a ’slush’ of 57.3 K. This keeps the tungsten tip and trimer at
its operating temperature of 77K.

Once the sample was loaded into the nanofab chamber it was positioned to the eucentric
position height. The eucentric position was such that the specimen remained at constant
height during tilting operations and hence did not collide with the GIS probe. The eucentric
height corresponded to a working distance of 8.4 mm, or stage height of around 3.8mm.
(usually 8.5-9.0mm, however the sample was relatively thick). The individual electrodes
were then imaged using the helium beam.

Parameters needed continual adjustment throughout this process, from varying sample heights
to imaging at different angles. Figure 13 shows the diagram of the system status from which
key operations could be controlled. These included starting the gas flow to increase the GFIS
column pressure (a change also observed in the GFIS column and GFIS gas box tabs on the
side) and initiating the transfer sequence. It was important that all pressures operated within
the thresholds and that these were visually checked upon system startup (see the Manual for
a detailed list of the start-up sequence).

4.2.2 Gas Injection System operation

The Gas Injection System (GIS) was used in conjunction with the FIB to deposit platinum.
The Orion Nanofab system was fitted with the Oxford Instruments OmniGIS II gas delivery
system. Three cartridges are stored on the machine containing different precursor gases. For
this project a platinum precursor was broken down to deposit platinum wires. This precursor
gas was selected as it operates under the largest range of beam parameters and is therefore
suitable for the majority of metal deposition scenarios. Although the alternative, tungsten
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Figure 12: Orion system setup

hexacarbonyl, W (CO)6, has a higher conductivity than platinum, it is difficult to use at it
can block the GIS needle.

Since the OmniGIS is made independently of the Orion Nanofab machine and software extra
precautions had to be taken during its operation. For the probe to be effectively used the
sample must be positioned at the eucentric position position in the chamber. This reduced the
concern of scratching the specimen when moving between electrodes and tilting the sample.
On first use, the sample should be moved down to ensure the pre-set inserted position of the
GIS needle does not touch the specimen.

After this, the ’inserted’ position of the probe was set in the system software. The probe was
then positioned to be 100 microns above the surface of the specimen, achieved by moving
the needle down until it contacts the specimen and then moving the needle upwards. The
separation of the needle and substrate impacts the local flux: too small a separation and
the precursor does not adsorb to the whole area that is being scanned; whilst too large a
separation and the gas is not sufficiently replenished to deposit platinum.

Since the FIB can also mill away at the surface of the electrodes, the positioning of the needle
is critical to the performance of the system and often required multiple attempts/ revisions.
The insertion of the needle shifts the image created by the ETD which must be accounted for
when patterning with the Orion software. This is a result of it being grounded which bends
the trajectory of generated secondary electrons as they are drawn to the ETD.

Once positioned correctly the patterned line was drawn and parameters were set in the Orion
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Figure 13: Orion System Status Screenshot

software. The imaging mode was changed from continuous to ’photo grab’ to capture the
specimen. The platinum precursor was heated to its operating temperature of 45.0C, and
then set to flow out of the nozzle at 54.0C. This heating ensured that the precursor was in
a gaseous state. The system used feedback to bring the gas flow up to a target pressure of
1.00E − 5 torr, yet as seen in Section 4.5 several issues became apparent with this system.

After deposition the gas flow was stopped, the needle retracted and time was left for the gas
to be pumped from the chamber. This prevented Pt deposition from imaging. The whole
process took around 20 minutes per sample, including waiting for the chamber returned to
its target pressure of 2E − 7 Torr.

This process was repeated for each nanowire constructed for varying sizes and shapes. Mul-
tiple designs were tested throughout the project, with detail provided in Section 5. All gap
sizes were tested from 2µm − 10µm. Line widths varied from sub 50nm to 100nm, with
varying success.

4.3 Gallium Focused Ion Beam

The gallium ion beam on the Helios Nnaolab system was used predominantly in the latter
half of the project (see Figure 14) due to the Orion system being in an unusable state for
several weeks. The Helios system was still very capable of fabrication of sub-100 nm wide
nanowires.

Gallium ions interact with different characteristics (particualrly surface damage and pene-
tration depth) to neon or helium ions, which were considered during the project. The FEI
Helios Nanolab benefits from an included SEM. The Ga ions being heavier than He and Ne
means the beam has a much higher sputtering rate causing damage to the surrounding surface
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and potentially larger and ’dirtier’ wires. The Helios GIS system used the same platinum
precursor.

Figure 14: Helios setup - Cavendish Laboratory

Whilst the Helios system shared many similarities with the Orion system, its operation
differed in some significant ways. Sample preparation remained unchanged.

Many of the same parameters were used for the FIB and corresponding SEM. The sample
was moved to the eucentric height and both the Ga FIB and SEM were aligned. The GIS
probe was then inserted and precursor gas was heated. The GIS probe was integrated into
the system software making use much simpler and more efficient. Predicted deposition rates
and material heights were given to the user making parameter estimation a simpler process.
After the selected target space was set on the software the deposition process was started to
form nanowires of, again various lengths and heights. An example of the system software is
shown in Figure 15.

4.4 Probe-station

To form the nanogaps in the wire, voltage ramps were induced using a high-precision source
meter. This enabled very controlled voltage ramps of 1-4mV/s to help obtain the target
1-2nm gaps. Figure 16 shows the setup present in the nanoscience centre.
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Figure 15: Screengrab of Helios software

4.4.1 Nanowire characterization process

A Keithley 2450 source meter was used to provide the voltage ramp. The current was passed
through metal needles which were positioned using Quater Research micropositioners. These
were carefully placed onto each set of electrodes, with the help of a Brunel Microscopes light
microscope as shown in Figure 17. Each sample was then given a test of voltage ramps going
up gently from 100mV to 2V. Two alternative methods were used to provide these voltage
ramps. Keithley Kickstart software was used first, allowing remote control of the Source
Measurement Unit from the computer where plots could be saved directly to a USB. The
license for this software ended during the project and so for the remaining voltage tests, data
was extracted directly from the SMU as Excel files. These were post-processed in Python,
enabling the determination of differential plots and average plots.

If very high resistances were observed (order of GΩ), then the voltage was increased due
to the high likelihood the nanowire must be annealed to form a proper connection to the
electrode. Without this annealing process, the main transport mechanism was dominated by
electron tunnelling between the electrodes and the nanowire since the deposited line adhered
to the surface. A limit of 20V was set for safety reasons. The success of this process varied.

4.4.2 Nanogap formation process

Wires in which linear characteristics were observed were taken to the next stage. This in-
volved steadily increasing the voltage ramps to very gradually promote nanogap formation
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Figure 16: Probe station setup

Figure 17: Microscope image of probes and electrodes

via electromigration and Joule heating, illustrated in Figure 18.. A successful nanogap forma-
tion started with linear characteristics when ramping to a voltage of around 1.2V. This arose
from successful nanowire fabrication and occurred before the nanogap was formed. Thermal
effects then began to take over resulting in an increase in resistance. This was followed by
inflexion and a drop in resistance until breaking.

4.4.3 Organic Molecule insertion

The organic molecule used for this project was 1,5-diamino-2-methylpentane. A pipette
was initially used, however this released too much liquid onto the specimen. A needle was
therefore used for the remaining tests. An example of a set of electrodes after the addition
of 1,5 diamino-2-methylpentane is shown in Figure 19.
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Figure 18: I(V) characteristics when breaking a nanowire

While the liquid was deposited, the Keithley source meter was set to a voltage of 3V to
promote the alignment of organic molecules. This was set up using the interface on the
Keithley source meter. In some circumstances, an Ossila Source Measurement Unit was used
which provided a constant voltage and more effective measurement of the system. A series
of voltage sweeps were then run through the specimen as the liquid evaporated. Tests were
run in the following days to determine any changes and check stability.

Figure 19: 8µm sample after the addition of organic molecules

4.5 Experimental inaccuracies and setbacks

There were a series of setbacks throughout the project. Some provided new insight, some were
experimentally unavoidable and some were more tedious. Aspects regarding experimental
success are detailed in the discussion section. This subsection focuses on overcoming obstacles
in the project.

The operation of the Zeiss Orion nanofab system requires consistent maintenance. By nature,
the imaging quality degrades over time as the quality of the trimer worsens. This results
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from remaining at high voltages for long periods of time, such that collision with the gaseous
environment causes one or more of the atoms to break away from the tip of the gun. This
requires trimer reforming and re-establishing the Best Imaging Voltage. This process takes
several hours of attention and includes pulsing voltages, mechanically aligning the gun, setting
the crossover voltage, and determining the beam tilt and beam shift. This must be done every
few weeks when using the helium FIB. In combination with compensating for astigmatism
and beam focus, this leaves many parameters to be set for the imaging process which change
between apertures and ionizing gases. As such, a significant amount of time was spent setting
up the FIB to achieve the necessary quality of imaging for pattern deposition.

The OmniGIS probe fitted with the nanofab system had difficulties regulating precursor
gas pressure throughout the project. The result was a very slow rise to the target pressure
increasing the time between individual wire fabrications. This remained unresolved despite
best efforts. The changes in gas pressure resulted in different Pt gas fluxes at the samples,
impacting the rate of growth of the wires. In the absence of external input it seems likely
that this issue will remain unresolved, exemplified by Figure 20 in which a spike in pressure is
visible when the precursor is turned off. A roughly 15-minute period was then needed to bring
the chamber pressure to imaging levels, ensuring that no further precursor was deposited by
imaging.

Figure 20: Local pressure around the GIS needle during operation

During the project, the helium gas in the system ran out. Designed to be bled into the pipes
and then regulated by hand every few weeks the replenishing of helium was a standard process.
However, the change in pressure caused issues with the helium leak/needle valve, resulting
in large pressure spikes in helium that would flood the chamber increasing the pressure and
causing a system imaging failure. This issue persisted for around 5 weeks before Dr Langford
and I resolved the problem.

A full re-calibration of the motorized helium leak valve finally fixed the regularization of the
helium bringing it back to 2.00E − 6 Torr. At this time, I moved over to using the Helios
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system and occasionally used the Orion system for Ne-IBID.

5 Results

The results broadly reflect the progression of the experiment and are categorized by key
processes. Red annotations on images are from the Orion software whilst green annotations
are from the Helios imaging software. Orange annotations have been added to label and
clarify scale bars.

5.1 Initial FIB testing

(a) 103x magnification (b) 254x magnification

Figure 21: 10µm gap imaged using big hole aperture, helium ion beam

Initial imaging using the Helium ion beam was largely successful. Figure 21 shows an image
of two platinum electrodes on one of the OFET chips. Numbers beside the electrodes dictate
the nominal gap between electrodes, in this case 10µm. The accuracy of these values varied
between chips, but the gaps were consistently smaller than the proposed size (for instance, the
actual size of this gap was 9.15µm). A standard deviation of 10% was observed in gap sizes
across chips. The quality of the OFET channel lengths varied due to the lithography process
occasionally leaving high boundaries between the substrate and the platinum electrodes. This
inhibited the nanowire deposition in multiple ways, discussed later in Section6.

Figure 22 shows an up-close image of this gap. In general, the edges of the electrodes were
well defined however a select few had material that crossed the micro-gaps between electrodes.
This issue characterised fewer than 10

Imaging with ion beams causes damage to the sample at high magnifications. This enables the

24



Figure 22: 10µm gap imaged with big hole aperture, helium ion beam, 6723x magnification

(a) Gallium beam milling (b) Test of nanowire fabrication with tungsten pre-
cursor

Figure 23: Gallium ion beam damage

system to mill away at the surface of specimens, but can also cause unwanted removal of the
surface of the electrode. An example of this is shown in Figure 23a where the square patches
are indents from the milling process. Figure 23b shows some initial nanowire fabrication tests
using the tungsten precursor gas. These are around 2µm long and < 50nm in width.

For optimal imaging, a landing energy 25kV and above was used, with He20µm aperture
and ideally a beam current of > 3pA. For optimal deposition, smaller apertures were utilized
such as He10µm.
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5.2 Nanowire Fabrication

Across all samples over 40 sets of electrodes were tested/used for fabrication. Not all potential
electrodes were used on each chip for numerous reasons. Typically, one chip was used for
deposition whilst voltage testing was done on another. This was to improve workflow and
reduce the number of times each chip was transferred from each system (a relatively time-
consuming process). Furthermore, the specimen was not always laid perfectly horizontal –
by working in columns or rows this became less of an issue. Of these sets, over 30 were
successfully tested to show the presence of nanowires.

5.2.1 Platinum wire fabrication using helium and neon ion beams

The nanowires were not typically imaged after fabrication. This was to prevent any further
deposition of the adhered platinum gas that may reside on the surface of the specimen as
well as any unwanted damage to the wire. Test wires were fabricated during every session
before fabrication on a set of electrodes. These were imaged to determine the success of the
FIB, with examples shown in Figure 24. Here, different dosages were tested for nanowire
fabrication.

(a) Gallium FIB imaging (b) Helium FIB imaging

Figure 24: Dosage testing for nanowire fabrication

The orange annotations detail the total dosage time to form the observed nanowires. Four
different dosages were tried twice each, giving the eight lines seen in Figure 24. Each line
was 2.5µm long. Both images in the figure are of the same lines but at different angles.
Figure 24a was imaged using the gallium FIB from the Orion system with the sample at
45◦ towards FIB. Figure 24b is at 45◦ away from the helium column. The nanowires are all
similar widths of 65nm however vary in depth. It was apparent in this test the 20-second
dwell time wires had the desired thickness of 50nm. Since this dosage time is only applicable
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Figure 25: Plot of nanowire thickness according to dose for nanowires

to wires 2.5µm long, a more usable measurement is the corresponding dosage of 2.5nC/cm2.
It became evident this dosage is influenced by the focus and alignment of the FIB meaning
in practice a dosage of 2 − 4nC/cm2 was used depending on the degradation of the trimer
and beam shift/tilt that provided the optimal focus for that specific session.

Figure 25 shows how nanowire thickness corresponds to ion-beam dosage. This process is
further dependant on the ion-beam current and the precursor gas pressure, thus requiring
fine-tuning for each session.

(a) 0◦ tilt (b) 45◦ tilt

Figure 26: Test wire, helium ion beam, 10µm

Figure 26 shows a high-resolution, long dwell time scan of some test wires; these being the
thin white lines on the image. A longer dwell time provides a better image as the ETD
values are averaged over an increased period. Figure 26b shows the section of the wire
highlighted in orange at a 45◦ tilt. Here you can see the ridge of the wire as it passes over
the edge of the electrode. This suggests that the wires are laid across the substrate rather
than being free-standing – a result of the ion-beam scanning process and adsorbed precursor
gas molecules. The lighter region lying around the nanowire (often known as a ‘halo’) is
also notable, resulting from interactions between backscattered electrons and the adsorbed
precursor molecules [24]. The conductivity of the ’halos’ varies depending on the structure
formed, however, no significant leakage was observed throughout testing via these regions.
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Resistances for thick nanowires (500nm width, 200nm height and greater) have been reported
on the scale of 100kΩ [25]. The nanowires in this image are approximately 50nm wide, and
<50nm thick (measurements made from viewing at multiple angles).

Figure 27 shows an example of a nanowire crossing the electrodes. Here you can see the
capabilities of the Orion system in depositing sufficient wires.

Figure 27: He-FIB platinum nanowire across ”10µm” gap

5.2.2 Platinum wire fabrication using gallium ion beam

Nanowires were fabricated at a greatly increased rate with the Helios system. This was a
result of the more user-friendly software, integrated systems and faster processes.

Figure 28a shows a typical nanowire formed by the Ga-FIB. This image was taken at a 30◦

angle. Approximated dimensions of the wire are a width of 80nm and a height of 60nm. The
larger dimensions from Ga-FIB processes are, broadly speaking, a result of the larger ions.
Figure 28b shows a Ga-FIB image of a test wire using the Helios system, demonstrating the
limits of the nanowire dimensions at just over 70nm width.

Some alternative designs were tested in the latter parts of the project to ensure proper
contact was made with the electrodes, aiming to improve any annealing process of the ends
of the platinum wires and the platinum electrodes. One method tried was by laying out two
larger rectangles over the electrodes and then a narrow line between these two rectangles.
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(a) SEM image of nanowire, bridging 2µm gap, us-
ing gallium IBID

(b) Ga-FIB image of test nanowire, using gallium
IBID

Figure 28: Typical nanowire structures using Ga-FIB, Helios system

This pattern had to be done in parallel, a single ion beam pass covers the whole pattern,
to prevent any stacking of structures and ensure the deposition was fully connected. An
example of this is shown in Figure 29.

(a) 30◦ angle (b) vertical

Figure 29: Ga-FIB nanowire, alternate design, 6µm gap

5.2.3 Nanowire characteristics

The resistances, deposition methods and dimensions of the most notable nanowires are shown
in Table 1.

This indicates that there is a linear relationship between nanowire lengths and observed
resistance, as expected. Ga-FIBID wires were often thicker than He-FIBID wires but had
similar resistances for equal lengths. This suggests Ga-FIBID wires have a high resistivity
than He-FIBID wires.

Rough estimates of resistivity can be calculated using equation 2 which takes the area as
the form of a ’thickened’ Gaussian [20], σ is set as 1/4 the observed nanowire width, R
is the measured resistance, L is the measured nanowire length. The shapes used in these
calculations were informed by Figure 30, with the calculated areas shown in Figure 31. Since
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FIB method width(nm) height(nm) length(µm) Resistance
Gallium 80 50 1500 2kΩ
Helium 50 40 2000 5kΩ
Helium 50 45 2000 400kΩ no annealing
Neon 95 40 2000 140kΩ

Gallium 125 40 2000 1.8kΩ
Gallium 280 40 4000 3kΩ
Gallium 180 40 4000 4kΩ
Neon 90 40 4000 64kΩ
Helium 50 50 6000 600kΩ no annealing
Gallium 200 40 6000 4kΩ
Gallium 200 40 6000 5kΩ
Gallium 170 45 8000 7kΩ
Gallium 200 50 8000 7kΩ
Gallium 200 40 10000 8kΩ
Gallium 300 50 10000 10kΩ

Table 1: Nanowire characteristics

we are using a two probe setup we also inherently measure the resistance of the electrode
plates. These are, however, much smaller than the resistance of the wire.

ρ = R/L

∫ 2σ

−2σ

exp−x2/2σ2 dx (2)

Estimates from this form give resistivity measurements of around 100µΩcm for He-FIBID and
200− 350µΩcm for Ga-FIBID. Observations made by Hoffman measure the resistivity wires
made using the same precursor and EBID to be around 30µΩcm and when using Ga-FIBID
to be around 70− 140µΩcm. [20]

(a) platinum nanowire cross-sections observed using AFM [26] (b) Hypothesised cross-section using
Monte Carlo simulation [20]

Figure 30: Reported nanowire cross-sections

It was observed that for some nanowires issues regarding resistance and failure came from a
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(a) 50nm platinum wire formed via
He-FIBID

(b) 200nm platinum wire formed via Ga-FIBID

Figure 31: Approximate nanowire cross-sections based on observations and current literature

combination of the OFET chips topology and OmniGIS probe angle. Figure 32 shows a series
of nanowire formations. Typical successful nanowire fabrication formed a connection over
the electrode edge like that seen in 32c. As expected, successful wires gave resistances in the
order of kΩs. Due to manufacturing tolerances with the lithography process in the creation
of the OFET chips, the height difference between the platinum electrodes and substrate was
variable enough to cause separation when depositing platinum. This formed weak connections
seen in Figure 32b and 32d. Even attempts in depositing a wider wire at the edges did not
always succeed (see Figure 32a). This issue persisted most heavily with wires formed via
He-FIBID where thinner wires were deposited. Connections were evidently still made as
linear characteristics were often observed, however thinning around these connections meant
much larger resistances were observed, in turn affecting nanogap formation as it formed a
weak point. It suffers further as a result of the angle of the GIS probe: material which lies in
front of the probe received an increased flux of precursor gas, while some sections lie shielded
from the gas molecules. This can worsen the effect.

There are multiple solutions to these connectivity issues, including:

• Using an alternative set of electrode chips with thinner platinum electrodes

• Partially eroding the electrode contacts before the deposition to improve the connection

• Utilizing the GIS at various rotations to build up sections where there may be poor
connections

5.3 Formation of Nanogaps

Nanogap formation was done via voltage ramps as suggested by Durkan and Hadeed [16]. The
rate of change of voltage was nominally set to 4mV/s, although this varied by step changes
on the source measurement unit. This was to try and achieve sufficiently small nanogaps.
Nanowires formed via Ga-FIBID generally performed more consistently than those created
via He-FIBID. This observation is further discussed in Section 6.
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(a) Wide overhang, Ne-FIBID (b) He-FIBID, overhang

(c) He-FIBID, typical connection (d) He-FIBID, overhang

Figure 32: Series of test wires imaged using SEM

Although there was no consistent regime before breaking across the samples tested, the data
can be categorized into a few different principle plots determined by positive, negative or
constant differential conductance. Non-linear characteristics were observed in most but not
all cases, likely resulting multiple factors. Appreciable heating is determined by the current
and resistances of the wires. Without in situ temperature measurements explanations for
I(V) characteristics through the structure’s temperature coefficients cannot be determined.
The large majority of lines were monotonic before failure. Some showed noisy characteristics
at higher voltages suggesting changes to the microstructure.

Focusing on the initial portions of each plot, Figure 33a shows a decreasing resistance, Figure
33b shows an increasing resistance and Figure 33c shows an almost linear resistance. The
differential resistances typically drop before failure. This is likely explained by the embedding
of the ions from the beam itself. This then creates instabilities for thin wires. For instance,
gallium reportedly mixes with gold nanowires giving rise to liquid-like instabilities in sub-
30nm wide structures[27].

For wires deposited via He-FIBID the resistance often dropped after applying a slow voltage
ramp. This suggests annealing of the contacts to then form a more sufficient connection. It is
therefore unclear whether a decreasing resistance with increasing voltage results from electron
tunnelling between the platinum electrode and the contact (through the carbon matrix), or
comes directly from the wire. This is discussed further in Section 6.
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(a) Ne-FIBID (b) Ga-FIBID (c) He-FIBID

Figure 33: Typical voltage ramps observed

A closer analysis of a plot is shown in Figure 34a, specifically for a platinum wire formed
via Ga-FIBID, with a patterned width of 30nm and height of 40nm. In practice, these
were observed to be 70nm wide and 40nm tall. Before this, a series of voltage ramps were
performed slowly increasing in magnitude until inflexion was observed. A final voltage ramp
was then set, stopping shortly after the wire had broken. Observations are as follows: (1) a
linear region of the wire with a resistance of 2.4kΩ; (2) non-linear characteristics suggesting
a positive temperature (provided wire temperature increases with voltage); (3) inflexion
representing the drop in resistance just before the wire breaks; and (4) a sharp decrease as
the wire breaks to form a nanogap.

(a) Voltage ramp and nanogap formation, of 2.4kΩ
wire

(b) Characteristics of nanogap

Figure 34: Breaking and characterisation of 4µm platinum wire formed from Ga-FIBID

Figure 34b shows the expected non-linear characteristics of a nanogap junction. Typical
of electron tunnelling there is a linear regime at low voltages (where the nanogap follows
Ohm’s law) followed by a transition to exponential behaviour. This was consistent between
wires, producing good characteristic non-linear electron tunnelling behaviour with varying
resistances over 14 sets.

Another regular break is shown in Figure 35. This more closely matches the breakages
observed by Hadeed and Durkan [16], suggesting smaller nanogap formation. The principles
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of this are further discussed in Section 6.

(a) Voltage ramp and nanogap formation, of 2.9kΩ
wire

(b) Characteristics of nanogap

Figure 35: Breaking and characterisation of 2µm platinum wire formed from Ga-FIBID

Once again Figure 35b shows the expected characteristics of electron tunnelling in a nanogap.
The resistance observed here is very high, on the order of 100− 200MΩ. This was expected
to decrease significantly upon the addition of organic molecules.

Typical nanowire characteristics varied between 2kΩ and 1MΩ before nanogap formation.
After formation, resistances varied non-linearly in the order of MΩ to GΩ. This came
from the different parameters used between depositions. He-FIB wires typically had large
resistances which dropped after annealing. The GIS was not always uniform, with nanowire
height varying between 20nm− 100nm. Upon mastering the use of the system, these values
settles more consistently to 50nm.

5.4 Organic Molecule Insertion

After nanogap formation, multiple sets of electrodes were tested with organic molecule depo-
sition. Figure 36 details the first electrode tested, showing comparisons of the device char-
acteristics before and after adding 1,5 diamino-2-methyl pentane. The hysteresis observed
after adding organic molecules produces an increase in differential resistance, indicated by
the shallower gradients. This is demonstrated in the two distinct blue lines in Figure 37 for
up-sweeps (bottom blue line) and down-sweeps (top blue line). The scales were limited to
emphasise this distinction.

The differential conductance of the organic substance curves was also plotted, as shown in
Figure 38. These were obtained by separating the upsweep and down-sweep portions of the
curve and taking the average plots over 10 runs. The orange lines were fitted after testing.
The two curves in this figure are largely symmetric, although there is a slight offset between
the minimum points. The notable asymmetry within each plot emphasises the effect of
charging behaviours, yet there is no indicator of the desired diode like-characteristics.
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Figure 36: Full sweep after organic molecule addition to 2µm gap nanowire

Figure 37: Full sweep after organic molecule addition to 2µm gap nanowire

The presence of hysteresis is indicative of charge trapping and de-trapping. Whilst the
organic molecule used does not possess any obvious charge-trapping sites, the plots indicate
that charge-trapping increases the resistance of the structure. This became more evident
when a voltage step was applied: the current would peak at the initial step change on each
run, peaking at lower currents on each subsequent run. This is further explored in Section 6.

Overall the addition of organic molecules reduced the resistance of the sample, altered the
I(V) characteristics, and introduced charging. A large drop in resistance (up to two orders of
magnitude) upon the addition of organic substance was expected based on current research
[28].

Subsequent tests found similar results with few effects from the addition of molecules into
the system. Figure 39 shows that the resistance of the nanogaps increased after the addition
of the conductive molecules, suggesting poor that contact was made between the organic
molecules and the nanogaps in the wires.
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(a) Upsweep characteristics (b) Downsweep characteristics

Figure 38: Differential conductance plots of nanogap after organic molecule addition

(a) Ne-FIB, 2um platinum wire (b) Ga-FIB, 2um platinum wire

Figure 39: I(V) characteristics of nanogaps before and after adding 1,5 diamino-2-methylpentane

5.5 Nanogap imaging

Based on the minor effects organic molecule addition had on the characteristics of the
nanogaps, sets of nanogaps were imaged using the SEM to help explain the observations.

Figure 40 shows a series of microstructure formations. It is apparent that structures > 10nm
were formed with some catastrophic failure of 200nm gaps. Failing of this kind has been
observed by Hadeed and Durkan [16] and is likely a result of the melting of the nanowire.
Failure was generally observed towards the ends of the wire, although no obvious preference
was observed between the cathode and anode side. It is also possible to identify holes forming
throughout the body of the wire, indicating melting during the voltage ramp. All images in
Figure 40 are of wires formed using Ga-FIBID.

The most promising sample is illustrated in Figure 41, the same wire that produced Figures 35
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(a) 10µm wire, failure at 10V (b) 8µm wire, failure at 7.7V

(c) 6µm wire, failure at 5.4V (d) 4µm wire, failure at 3.4V

Figure 40: Series of wires formed from Ga-FIBID, failed via voltage ramps

and 36. This wire originally had a resistance of 1.8KΩ, increasing to an order of 150MΩ once
broken. The sample resistance appeared to increase upon the addition of organic molecules.
It is possible to observe the uneven halo around the wire, a combination of residual platinum
deposition and 1,5 diamino-2-methylpentane. The nanogap in this sample can be observed to
be sub-20nm, although the breakpoint is uneven. This may be due to the wire’s width, where
instabilities in structure lead to failure at various points. The wire broke at what could be
a mechanical weak point around the transition between electrode and substrate (seen more
clearly in Figure 41b).

6 Discussion and Further Work

6.1 Imaging and nanowire fabrication

Despite facing multiple setbacks the imaging capability using HIM proved to be very good
and a strong degree of mastery of the system was obtained. It was capable of imaging 10
nm structures and forming sub-50 nm wires, with neon ion microscopy being slightly worse
at imagining 20nm structures. The capabilities listed by Zeiss are sub-10nm structures and
0.5nm image resolution [29]: although these were never fully realised in practice, I believe
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(a) SEM image from above (b) SEM image at angle

Figure 41: SEM images using Helios system. 2µm nanowire referenced in Figures 35 and
36,nanowire failure at 1.7V , 500µA

with optimal parameters and an ideal trimer the machine capabilities could come very close to
this. This is especially so considering the deposition of platinum was predominantly affected
by the OmniGIS system. Hence with optimal parameters and continual servicing, the Orion
system would be very sufficient for imaging and forming nanowires and other nanostructures
in the future.

The Gallium ion beam, with both the Orion and Helios system, had lower resolution, generally
struggling to image sub-30 nm structures. Whilst FEI claim a resolution of 4nm at the
coincident point using the Ga-FIB for the Helios nanolab [30], it was observed that wires
were consistently above 100nm. This issue was suspected when switching over from the
Orion system. The SEM had the most consistent imaging resolution, capable of observing
10nm structures – a similar performance to the HIM at optimal parameters.

Since the Orion system was not under service contract throughout the duration of this year’s
operation, most issues had to be serviced by Dr Langford and myself. Its operation would
therefore benefit from extra details on fixes. I have made some documents regarding the
common issues identified throughout this project – paired with Dr Langford’s understanding
of the machine these should help with any future issues faced by both Master’s and PhD
students.

Regarding nanowire fabrication, some significant differences were observed with the initial
I(V) characteristics between wires formed by Ga-FIBID vs He-FIBID (and Ne-FIBID). It
was noted that during the formation of wires via Helium-FIBID, they initially had electron-
tunnelling characteristics, while wires formed via Gallium-FIBID showed immediate linear
characteristics (at low voltages of 0-200mV). After applying slow voltage ramps to the He-
lium ion-formed wires they partially annealed and formed better contact with the platinum
electrodes. I believe this results from the mechanisms that dominate both forms of FIB.
Helium ions
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While Helium ions typically penetrate over 100nm into the surface and Galium ions only
penetrate 50nm [31], Gallium ions cause more damage to the immediate surface as the plat-
inum film is deposited [32]. This results in an amorphous platinum layer forming beneath
the nanowire which also experiences more heating during the deposition process. The com-
bination of these likely explains the better connection between the electrodes and nanowires.

The Orion system is fitted with both a Gas Field Ion Source FIB and Ga-FIB. As such it is
possible to lay down the nanowires using the He ion beam and OmniGIS probe, followed by
patterning over the ends of the electrodes with the Ga ion beam. I believe this would likely
solve the initial annealing with wires formed by He-IBID, which had a partial tendency to
fail before forming good contact with the platinum electrodes rendering them unusable.

6.2 Nanogap formation

It became evident towards the end of the project that the nanowire formation in conjunction
with single voltage ramps caused various issues for large nanogaps. The difficulties deduced
from the results can be split into two main sections: the characteristics of the nanowires
(dimensions, composition, microstructure and resistivity) and then the control of voltage
ramps.

6.2.1 Wire composition

The experimental composition of the wire from He-IBID is reportedly around 10%-20% [33],
giving a resistivity of 25µΩcm [34]. For Ga-IBID composition is heavily dependent on ion
current: for instance, one paper observed a resistivity of 70µΩcm under ion beam currents
of 220pA [35]. The resistivity is therefore significantly higher with lower beam currents
reaching up to 140µΩcm. The composition of Ga-FIB wires also varies dependent on ion
beam current, which at high levels causes further breakdown of the precursor and removal
of carbon to form a purer wire. The resistivity observed in this project’s experiments was
between 100− 250µΩcm. In contrast, the resistivity of bulk Pt is 10.4µΩcm. This observed
resistivity may contribute to the failure mode of the nanogaps.

The structure of nanowires formed by FIBID of the platinum precursor consists of an amor-
phous carbon matrix with intermittent platinum atoms. The classic chemical composition of
this is PtC5, but it has also been hypothesised to be PtC8. Mass spectra of the product of
decomposition revealed the production of CH3 and H2 which are pumped out of the system
[19]. Ions are also embedded in this wire from the IBID process which varies the resistivity
and chemical composition of the wire.

It has been suggested that the platinum wires form a two-phase percolating system[27]. The
amorphous carbon can be treated as one phase, as a disordered semiconductor. Platinum is
the other, resulting in conductivity at low percentages where there is hopping between defects
of metal. When the percentage of platinum increases there is the possibility of conduction
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along a continuum moving the I-V characteristics into a metallic regime [36]. This explains
the variety of non-linear characteristics observed throughout the project.

Some nanogap breakages were imaged more closely to help deduce the nanowire structure
(see Figure 42). It is apparent from Figure 42c that the majority of the melting occurred
along the wire bridging the two electrodes. This is reflected in the microstructure studied,
over the electrode boundary. The exact transport mechanism that causes melting has not
been researched hence information can only be inferred from reports on proposed transport
mechanisms during normal operation.

The bulk resistivities of Pt (10.5µΩcm) and Ga (15µΩcm) are far smaller than that of the
amorphous carbon (15, 000µΩcm). Thus the percolating system is dominated by electron
transport between clusters of platinum and gallium atoms [27]. It is reported that the
percolating system is influenced by electron tunnelling between metallic nanoparticles. Since
electron tunnelling varies exponentially with distance the resistivity of the wire is greatly
affected by its composition. Thermal and mechanical stresses caused by differential heating
of the substrate (a good insulator) and wire affect the resistivity during the voltage ramp.
During the cooling of the wires, it was reported that the interparticle distance increased.
This explains the patterns observed in Figure 42 where the platinum (and gallium) clusters
appear to merge together to form interstitial droplets.

A proposed formula for resistivity from Naik (2013) is seen in equation 3. Here ρ0 is the
background resistivity of the structure, A is Avogadro’s number, vc is the critical metallic
volume concentration ( 36%) and a relates to the percolation resistivity.

ρ = ρ0 + A|v − vc|a (3)

This helps us to understand the high dependency of resistivity on the concentration of Pt
in the deposited wire. Using the Orion system it was evident nanowires formed from higher
beam currents and landing energies generally produced more successful nanowires with lower
resistivities. This suggests a higher percentage of Pt which agrees with current literature
which proposes an optimal %vol [36].

Figure 42d shows the microstructure around a failure point. It appears that atoms collect
in larger regions around the failure point, potentially as a result of the increased heating
and hence thermal and mechanical stresses induced in this region. Comparison with images
taken using a deposition on a membrane with a Tunnelling Electron Microscope (TEM) (see
Figure 43, Platinum ellipsoids are darker in the TEM image), help to illustrate the clusters
of platinum atoms within the carbon matrix [37]. It may offer valuable insight to observe
the nanogaps formed via electromigration under a TEM to gain a greater understanding of
the mechanisms and propose an ideal method of nanogap formation.
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(a) (b)

(c) (d)

Figure 42: Various nanowire microstructures and Failures, using Ga-FIBID

6.2.2 Voltage ramps

Typical break voltages for the specimens varied between 1.8V-10V. Smaller nanogaps were
consistently formed at lower failure voltages, which were also associated with shorter wires.
Thus 2µm nanowires consistently performed better than longer wires.

Figure 34a demonstrates that wires often had an inflexion point before failing. The exact
mechanisms determining this are difficult to deduce, however some ideas can be hypothesized.
The surrounding literature indicates that deposited platinum wires show non-metallic trans-
port behaviour. This is common in many disordered materials. Reguer and others found that
droplets formed during voltage ramp across deposited platinum wires, that remain where they
nucleate.[38] Their observation of a negative temperature coefficient (between 0-2V), how-
ever, has not been observed in this project. It seems more likely that the linear region 1 is
a direct result of typical metal behaviour at room temperature. Then as the wire heats up
the resistance increases (2). Based on the images of the nanogaps after the break, there are
characteristic signs of melting with droplet formation. These suggest some form of thermal
runaway during (3), although this needs further testing.
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Figure 43: HRTEM images of a Pt nanodeposit by FIBID, 30kV beam energy, on a TEM Cu grid
covered with a thin supporting holey carbon membrane [37]

As mentioned earlier, the resistance of nanowires formed via IBID heavily depends on the
wire composition since different mechanisms can dominate. For instance, Li, Jin and Tang ob-
served a negative temperature coefficient for Pt/Ga/C nanowires (deposited wires with high
content of embedded Ga+ ions), yet a positive temperature coefficient for Pt/C nanowires.
(See Figure 44). While this report covers low-temperature measurements the dependence of
composition on resistivity is clear.

Figure 44: Plots of temperature against resistance for Pt/Ga/C nanowires (left) and Pt/C
nanowires (right) [39]

For electromigration to occur large current densities must be induced in the nanowires. The
momentum transfer between conducting atoms from large current densities then leads to
the drift of atoms causing voids. This mechanism found in pure wires is not the same in
the amorphous structure present in nanowires formed via IBID. In gold wires, once the
breaking process has begun the current density and heating of the local region increases
[40]. An effect akin to this may occur in the platinum nanowires, causing the reduction in
resistance before failure. Typically on the I-V plots a constant current at increasing voltage
indicates electromigration [41]. Figure 45 shows an example of this. The plot also has non-
linear characteristics between 0-7V: it is difficult to determine if this resulted from electron
tunnelling between the nanowires and platinum electrodes or the characteristics of the wire
itself. Shortly after the suspected onset of electromigration the resistance dropped and the
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wire failed via melting.

(a) I-V plot of voltage ramp (b) SEM image of nanogap

Figure 45: 4µm nanowire formed via Ne-IBID

These results thus point towards Joule heating failure instead of electromigration. To get 2-
3nm gaps lower voltage ramp rates should be tested. The Keithley 2450 source measurement
unit was tested with sub 4mV/s rates for a few samples however the failure still provided
nanogaps above the desired size. Rates as low as 0.1mV/s may be desirable to reach optimal
nanogap size and compensate for the increased resistivity of the wires [42]. There is also
potential for feedback-controlled voltage ramps to be used to help determine the feasibility
of electromigration in these devices [43]. While this method is not strictly necessary (the
combined effect of Joule heating and electromigration observed in gold nanowires successfully
forms 2-3nm gaps) it would be good to demonstrate the consistent success of electromigration
to form thin nanogaps in platinum wires formed via FIBID. An example of feedback-controlled
voltage ramps that could be used are detailed in Figure 46.

Figure 46: Feedback controlled single ramp [43]

In the experiment that produced Figure 46 rapid response feedback was used, conditioned
on a threshold differential conductance. This continual ramping up and down promoted fast
electromigration without complete failure.

Beyond altercations to the current method of nanogap formation, there is potential to use
the Helium-FIB for the whole process, not just the deposition. Previously this was not
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possible due to limitations in the resolution of electron beam lithography, which lies around
5nm[44]. However with HIM the limit is pushed below the 5nm scale. Gaps made via He+

ion beam milling of electron beam lithography structures have produced nanogaps of 4-5nm
size [45]. Furthermore using a ’sketch-and-peel’ technique [46], nanogaps below 5nm can be
consistently created (see Figure 47).

Figure 47: Nanogaps formed via ’sketch and peel’ [47]

It has even been possible to form 2-3nm gaps in carbon nanotubes via helium ion sputtering
[48]. The average gap sizes observed in this experiment were 2.8 ± 0.6 nm, an order of
magnitude more precise than electron beam etching.

Thus the use of solely Helium ion beams for this project could help remove complexities from
the electromigration process in a two-phase percolating system – a process which is not yet
substantially documented [49]. This does, however, rely on perfect parameters when using
the system, determining the exact dwell time, beam current and beam settings to provide
the thinnest ion beam. In practice these settings were only achieved a few times throughout
the project, such that far more time would need to be spent optimising the use of the Orion
system to obtain up to sub 20nm wire thicknesses and 2-3nm gaps.

6.3 Organic molecule deposition

The application used for organic molecule addition was fairly straightforward. There were
minor difficulties with localizing the organic molecules to the desired electrodes, often span-
ning multiple in the process. It was not possible to submerge the electrodes in the organic
liquid as in previous experiments. This was because a voltage was applied to the electrodes
while applying the liquid, requiring the chip to be placed in the system in Figure 16.

Since the desired characteristics were not observed it is difficult to evaluate the success of
the addition process in isolation. 1,5 diamino-2-methyl pentane has been previously proven
to provide non-linear I(V) characteristics, so the main concern was the method of bonding
between the organic molecules and the wires. It is difficult to determine the exact nature
of bonding between the organic molecules, the platinum ions, and the amorphous carbon
matrix without further analysis.

The hysteresis observed during voltage sweeps (see Figure 37) appears to result from charge
trapping within the organic molecules. This effect has been observed in organic FET devices
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[50], and high-k (dielectric constant) gate substances [51]. The dielectric constant of 1,5
diamino-2-methyl pentane is not recorded however 1-amino pentane is known to have a
dielectric constant of 4.5, rendering it a high k material since it is greater than the 3.9
dielectric constant of SiO2, . This indicates possible charge trapping within organic deposits
in the structure of the wires. The shape of the hysteresis is time-dependent. Since the voltage
sweep had automatically adjusted step times it means the charging was not applied in a linear
fashion. This would affect the final shape of the plot.

When initializing the voltage sweep the voltage does a step change to 2V. This fast pulse
eliminates the effects of charge trapping as there is insufficient response time. This was
observed in multiple runs, and has been observed in literature characterizing gate dielectrics
[51]. The observation suggests that the apparent increase in resistance is from charging
effects opposing electron flow within the wire rather than a complete re-arrangement to the
microstructure. Molecular deposits were seen along the wire and around the ’halo’ in the SEM
images. There is a possibility that organic molecules have bonded to the uneven nanowire
structure after melting, filling voids and bridging gaps. This has the effect of introducing
defects that trap charge. Further analysis is required to provide sufficient evidence of this.

7 Conclusions

In conclusion, this project aimed to form molecular devices by investigating the capabilities
of FIB technology and evaluating its effectiveness in nanowire deposition and nanogap for-
mation. My results demonstrate successful imaging of various samples using the FIB system,
providing high-resolution visualizations of the observed structures.

The nanowire fabrication process using FIB deposition proved successful, yielding well-defined
nanowires of the desired dimensions. These fabricated nanowires exhibited promising elec-
trical properties, as indicated by the voltage plots obtained through testing. The successful
deposition of nanowires opens up avenues for further exploration and utilisation in various
nanoscale applications. Variability in the topology and deposition characteristics would have
to be reduced for sufficient yield on a large scale, and could potentially be achieved by parallel
patterning of nanowires. The test chips provided some difficulties with uneven overhangs on
the electrodes.

Despite success with nanowire fabrication, the formation of nanogaps using voltage ramps
proved to be challenging. Even with repeated attempts under different voltage ramp rates and
parameters the desired nanogap dimensions were not satisfactorily obtained. The difficulties
encountered in nanogap formation highlight the intricacies and technical challenges associated
with this process, which necessitate further investigation and optimization.

Moreover, the addition of organic molecules onto the fabricated nanowires using the FIB
system did not yield the desired outcomes. The intended functionalization of nanowires with
organic materials, aimed at exploring their potential applications in electronic devices, was
unsuccessful. This result highlights the need for alternative techniques or approaches to
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effectively incorporate organic molecules.

Despite these limitations, the FIB system’s successful imaging capabilities and the fabrica-
tion of high-quality FIB-deposited nanowires offer valuable insights and open up possibilities
for future research. These findings lay strong foundations for further studies of the break-
ing mechanisms underlying nanogap formation and advancing the field of nanoscale device
fabrication.

7.1 Future work

The varied success of the FIB system leaves us with multiple options regarding future re-
search. Further studies in this direction would require extended research on the mechanisms
of nanowire failure. In-situ observations of microstructure re-arrangement during failure
would likely be useful for this. Using TEM imaging to determine the exact microstructures
may also provide further insight, with alternate test chips desirable with thinner electrode
contacts. Overall the poor molecule-wire contact and variability seen throughout the project
render this approach likely unsuitable for long-term research.

Alternate directions for the fabrication of molecular devices may be more viable. Previ-
ous papers utilizing electron beam lithography provided more consistent results in forming
nanogaps. There is still potential to utilize helium ion microscopy to either mill nanogaps or
promote failure of nanowires at a certain point via milling using the ion beam.

8 Appendix

The risk assessment at the beginning of the project shone a light on two main sources of
possible risk. Firstly the focused ion beam systems used in this project operate with high
voltages. This poses a risk if contact is made however the system is self-contained and only
qualified service engineers from the corresponding firm have access to these parts. Second
was the use of the probe station in the nanoscience centre. This involves the manipulation
of sharp probes with micropositioners. Direct contact was very rarely made with the probes
and when done so much care was taken. Voltages were generally limited to 20V, with mA
currents, further mitigating any potential risk from the probe station.

Beyond this, general risk came from using extended computer use so good practice with
posture and rest breaks was used.

Overall the risk assessment accurately reflected the potential dangers in the project. The
project was low risk under normal operation and most of the potential risks had been miti-
gated by careful system design. Care was still taken when using all equipment and software
throughout the project, and as such there were no further complications.
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